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Time-resolved ESR (TR-ESR) spectra were measured in the laser excitation of aromatic compounds such as xan-
thone, bromopyrene, fluoranthene (Flt) and pyrene (Py) in sodium dodecyl sulfate (SDS) aqueous micellar system in the
presence of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO). Net emission (Em) signals of triplet hyperfine (hf) lines of
TEMPO were observed in xanthone— and bromopyrene—-TEMPO systems. The chemically induced dynamic electron
polarization (CIDEP) was explained by radical-triplet pair mechanism. Antiphase signals of TEMPO with Em in low-
field side and enhanced absorption in high-field side (EA) of each triplet hf line were superimposed on net Em signals in
Flt— and Py-TEMPO systems. The square laser power dependence of the EA signal suggests that the two-photon ioniza-
tion of Flt and Py is related to the EA antiphase signal. Rate constants of the reactions occurring in SDS solution were
determined by analysis of transient absorption decays in the Py-TEMPO system. The reaction rates of Py"'~TEMPO
and *Py*~TEMPO in SDS solution were determined as 1.2 X 10%s™" and 3.0 X 10°s™", respectively, at the TEMPO con-
centration of 2 mM (M = mol dm™?). According to these measurements, it was concluded that the EA CIDEP is due to
spin-correlated radical pair (SCRP) of TEMPO and Py* which was formed in the electron transfer reaction from TEMPO
to Py". Simulation of TR-ESR spectra was carried out using SCRP theory. From kinetic analysis of intermediates to-
gether with the simulation of TR-ESR spectra, it was concluded that both SCRP of Py*~TEMPO and RTPM of *Py*—
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TEMPO contribute to the CIDEP of TEMPO.

Interaction between a radical and an excited state molecule
during the excited state quenching process creates a non-Boltz-
mann distribution in electron spin levels of the free radical.'?
This non-equilibrium distribution in electron spin levels results
in strong electron spin polarization, called chemically induced
dynamic electron polarization (CIDEP),® which is usually de-
tected by a time-resolved ESR (TR-ESR) method. We have
been investigating the mechanism to create CIDEP in the radi-
cal-inducing quenching process of various excited mole-
cules.* Chemically stable free radicals such as galvinoxyl and
nitroxides were used in these studies. CIDEP generation in
these systems has been understood in terms of the radical-trip-
let pair mechanism (RTPM), in which time evolution of a spin
wavefunction of radical-triplet collision pair in the presence of
the electron-electron dipolar interaction provides net polariza-
tion on a free radical."

CIDEP intensity due to RTPM is usually stronger when the
quenching occurs in micelle than in ordinary solutions.” The
very low mobility of molecules in the micelle interior prolongs
the lifetime of the radical-triplet collision pair; hence, the time
evolution of spin wavefunction during the collision process re-
sults in large electron polarization on a free radical. This
strong CIDEP should improve the signal-to-noise ratio in TR-

# Present address: Department of Chemical and Biological Sci-
ences, Japan Women's University, 2-8-1 Mejirodai, Bunkyo-ku,
Tokyo 112-8681, Japan.

ESR measurements and we anticipated that probing of CIDEP
of free radicals would enable us to study the quenching process
of excited states by free radicals in micelle. However, we real-
ized that the probing of CIDEP was not a simple method of ex-
tracting the memory of quenching events in micelle. In some
systems of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) and
excited molecules, we found that the chemistry of TEMPO
with cation and electron produced by photoionization process
gave undesirable CIDEP on TEMPO. This CIDEP is dominat-
ed by an antiphase structure (APS) of each hyperfine line.
Spin-correlated radical pairs (SCRP) are one of the most im-
portant intermediates appearing in photochemical reactions
and it is well known that SCRP spectrum is characterized by
APS.%® Appearance of CIDEP with APS in TEMPO-excited
molecule systems suggests the existence of spin-correlated
species and a strong APS signal unfortunately prevents us from
taking a pure CIDEP spectrum of free radical due to an excited
state quenching process in micelle. Therefore, it is definitely
important to understand the photochemistry in these systems
when we measure CIDEP as a probe of the excited state
quenching process.

In this report, we analyze CIDEP patterns of TEMPO ob-
tained in sodium dodecyl sulfate (SDS) micelle in much detail.
Moreover, we measured transient absorption spectra and de-
cays of intermediates produced in these systems. Initial photo-
chemical process of TEMPO and excited molecule systems in
SDS micelle interior will be described according to the results.
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Experimental

TR-ESR Measurement. TR-ESR detection system consists
of an X-band ESR spectrometer (Varian E-112) and a boxcar inte-
grator (Stanford SR-250) to extract transient ESR signals synchro-
nized with laser pulses.!® The excitation light source was a XeCl
excimer laser (Lambda Physik LPX 100, 20 ns duration time, 100
ml/pulse). The laser power was attenuated to about 10 mJ at the
cell in the microwave cavity for CIDEP measurements. The sig-
nals were collected at the repetition rate of 10 Hz. The microwave
power was usually 15 mW.

Transient Absorption Measurement. A transient absorption
detection system has already been described elsewhere.!! An ex-
citation light source was the XeCl excimer laser used in the TR-
ESR measurements.

Samples. All the chemicals purchased from Tokyo Kasei
were used as received. SDS aqueous micellar solutions (SDS so-
lution) were prepared by stirring the sample solution for 3 days.
The concentration of SDS was 0.1 M (M = mol dm™3). Sample
solutions were degassed by bubbling of Ar gas and were flowed
through the cell. Sample cells are (1) a quartz flat cell with 0.3
mm interior space in TR-ESR measurements and (2) a quartz cell
with light path lengths of 0.35 cm for excitation laser and 1.0 cm
for monitor light in transient absorption measurements.

Results and Discussion

CIDEP of TEMPO in SDS Micelle. Figures la and 1b
show TR-ESR spectra of TEMPO in SDS solutions obtained
by 308 nm laser excitation of xanthone and bromopyrene, re-
spectively. The gate was opened for 1.25-1.75 us after the la-
ser excitation. In these TR-ESR spectra, triplet peaks of TEM-
PO due to nitrogen atom appear with net microwave-emission
(Em) CIDEP, which suggests that TEMPO radicals are spin
polarized through photochemical processes. This CIDEP sig-
nal does not appear in the absence of xanthone or bromopy-
rene. This means that laser light excites xanthone (Fig. 1a) or
bromopyrene (Fig. 1b) to the triplet state and CIDEP is gener-
ated by the interaction of TEMPO with these triplet molecules.
Net Em CIDEP generation in the triplet-TEMPO system has
been explained in terms of the quartet precursor (QP) RTPM as
reported previously."*** Similar spectra were observed in the
systems of [3-carotene, benzophenone, 1-chloronaphthalene
and many other aromatic molecules—-TEMPO in SDS solu-
tions. These CIDEP can also be interpreted in terms of QP-
RTPM in micelle.’

Although many systems in SDS solution gave net Em CI-
DEP of TEMPO due to QP-RTPM, some systems were found
to show a different CIDEP pattern from the simple net Em
type. Figure 1c and 1d show TR-ESR spectra obtained by 308
nm laser excitation of fluoranthene(Flt)- and pyrene(Py)—
TEMPO in SDS solution, respectively. In these spectra, each
hyperfine line of single net Em peak with Gaussian lineshape
is deformed by overlapping of an antiphase EA (Em and en-
hanced microwave-absorption (Abs) in low and high field sides
of single hyperfine line, respectively) polarization peak. The
positions of APS in each spectrum coincide with those of hy-
perfine lines of TEMPO, suggesting that APS is attributed to a
certain spin polarized TEMPO radical. In Figs. Ic and 1d, a
single Abs peak is recognized between hyperfine lines of nu-
clear spin quantum number, M; = 0 and —1. There are no oth-
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Fig. 1. TR-ESR spectra obtained by 308 nm laser excitation
of SDS solution. Upper direction means signal with Abs
and downward means Em signal. Sampling gate times af-
ter 308 nm laser excitation are 1.25-1.75 us for (a) and (b),
and 0.75-1.25 ps for others. Molecules dissolved in SDS
solution were TEMPO (2 mM) with (a) xanthone (6.7
mM), (b) bromo-Py (0.4 mM), (c) Flt (4.6 mM), (d) Py
(0.8 mM). (e) Py (0.8 mM) was dissolved in SDS solution
without TEMPO.

er remarkably intense peaks except TEMPO, which suggests
the possibility that the specie showing Abs peak does not have
notable hyperfine structure. The g factor of this specie was de-
termined as 1.9999 = 0.0004. Murai and co-workers have re-
ported that a spin polarized hydrated electron (e, ) was de-
tected in the system of xanthone in SDS solution by TR-ESR
technique and the g factor of the e,,~ was 2.00033 =
0.00015."? The g factor of the Abs peak (1.9999 + 0.0004) co-
incides with that of e, reported by Murai and co-workers,
considering experimental error. Moreover, Py is known to
yield Py cation (Py™) radical and electron via a two-photon
ionization process.’* Therefore, we assigned these peaks to
€y - To confirm our assignment, we observed TR-ESR spec-
trum of Py in SDS solution without TEMPO, as shown in Fig.
le. A relatively sharp Abs peak is recognized whose resonance
frequency coincides with that of the Abs peak assigned to e,
in Fig. 1d. In this spectrum, a very broad band with weak net
Em CIDEP appears in the lower field side of e, . We attribut-
ed this to Py”* produced in the two-photon ionization of Py in
SDS micelle. The linewidth of e,, in the presence of TEMPO
(Fig. 1d) seems much larger than that without TEMPO (Fig.
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le). This may be attributed to the shorter spin relaxation time
caused by TEMPO radical.

TR-ESR signals of e,,~ in Py— and Flt-TEMPO systems are
Abs. Both enhanced Abs CIDEP and Boltzman distribution of
€, could be considered for this signal. In Fig. le, it is inter-
esting that Py* shows almost net Em CIDEP, while e,,~ indi-
cates Abs signal. The typical g value of aromatic radical is ca.
2.002-2.003, which is larger than g value of e,y . If these sig-
nals were created by a radical pair mechanism of geminate
Py"—e,,~ pair, net Abs signal is reasonably explained by the
large Ag value of ca. 0.002-0.003.'* Unfortunately, we have
no direct evidence to tell if the Abs signal is CIDEP.

The spectra shown above are not sufficient to determine the
mechanism giving APS of TEMPO. In the following, we ex-
amine the Py-TEMPO system in much detail because excited
state dynamics of Py has been extensively studied'>'>'® and
the intensity of APS signal in the Py—-TEMPO system is very
strong as seen in Fig. 1. The following intermediates may exist
in the system under 308 nm laser excitation: the lowest excited
singlet and triplet Py’s ('Py*, *Py*), Py* and e,, . We exam-
ine the following three mechanisms as the origin of APS:

(1) Spin-Correlated Radical-Triplet Pair (SCRTP) of *Py*
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and TEMPO,

(2) SCRP of Py* and TEMPO,

(3) SCRP of e, and TEMPO.

According to mechanism (3), e, should show APS."”?
However, the e,, in Fig. 1 shows a simple Abs line. There-
fore, mechanism (3) is immediately excluded. Mechanism (2)
is expected to give APS of TEMPO according to the SCRP the-
ory. Concerning mechanism (1), there is no report on the spec-
trum of the SCRTP formed in the encounter process and it is
not straightforward that APS is due to SCRTP. However,
SCRTP with a small exchange interaction probably gives APS
of TEMPO if one considers a similar mechanism with SCRP
theory.

To distinguish the mechanisms (1) SCRTP of *Py*~TEMPO
and (2) SCRP of Py"—TEMPO, laser power dependence was
measured for the CIDEP signal intensities. Figures 2a and 2b
are the laser power dependences of APS signal at M; = +1
peak of TEMPO and of the e,q signal, respectively. The least
square fitting of the plots gave the slopes of 1.77 for the APS
signal and 1.96 for the e,q~ signal. Both values are larger than
1 and close to 2, indicating that these signals require at least
two photons. The ionization potential (IP) of Py in gas phase
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Fig. 2. Laser power dependence of CIDEP signals of TEMPO and e,,~ in SDS solution. (a) and (b) are the signals in Py—-TEMPO
and, (c) and (d) are in FIt-TEMPO. Signal intensities were monitored at M; = +1 peak of TEMPO for (a) and (c), and e, peak

for (b) and (d).
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is 7.41 eV and the S; energy of Py is 3.34 eV.?® Since ioniza-
tion threshold of a solute (/) is usually a few electron volts
smaller than /P in gas phase, /; of Py in SDS solution may be
less than 7 eV. Wallace et al. estimated I; of Py in condensed
phase as 6.17 eV'? by the equation considering polarization en-
ergy of Py" and the energy of excess electron state in liquid
proposed by Raz and Jortner.?! Therefore, two-photon absorp-
tion at 308 nm (4.03 eV) via the S; state brings about the pho-
toionization of Py, which is consistent with the laser power de-
pendence of the e,,~ signal. APS signal also requires more
than two photons, which means that a certain intermediate pro-
duced in two-photon process may yield the spin-correlated pair
with TEMPO. Py™, which is the counterpart of e,,~ generated
in photoionization process, is the product in biphotonic pro-
cess; hence, APS signal can be explained by postulating SCRP
of Py* and TEMPO generated in SDS micelle. On the other
hand, *Py* is generated through one-photon excitation and if
APS is due to SCRTP of *Py* and TEMPO, the APS signal
must show linear power dependence. Therefore, we consid-
ered that mechanism (2) is responsible for the APS signal. The
laser power dependence was also examined for the FIt-TEM-
PO system in SDS solution, as shown in Figures 2c¢ and 2d.
The e,, and APS signals also show approximately square la-
ser power dependence. IP of Flt in gas phase is 7.95 eV and
the S, energy is 3.06 eV.> If we consider that I is usually low-
er than /P in gas phase, two-photon ionization via the S; state
may be possible. Flt cation produced by the two-photon ab-
sorption is also related to the APS signal of TEMPO.

Though the existence of Py™ was assumed in the SCRP
mechanism in the above discussion, Py* was not clearly recog-
nized in the TR-ESR spectra. The high viscosity of micelle in-
terior causes the broadening of hyperfine structure of Py* with
10 protons, which may be responsible for the lack of a clear
ESR signal of Py™. To confirm the existence of Py™ in the la-
ser excitation of this system, transient absorption spectra were
observed. Figure 3 shows the transient absorption spectra ob-
tained by photoexcitation of Py in SDS solution without TEM-
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Fig. 3. Transient absorption spectra obtained by 308 nm la-
ser excitation of Py (0.06 mM) in SDS solution system
(without TEMPO). Signals were detected at 1.0 pus after
laser excitation. The spectra were obtained with 308 nm
laser focused with a lens or not.
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PO at 1.0 ps after the laser pulse. Since the cell size used in
the transient absorption experiment was different from that
used in TR-ESR measurements, the optical density (OD) of Py
at 308 nm was carefully controlled to be the same with that of
TR-ESR experiment; OD was about 0.25 at 308 nm. There are
two peaks at 415 and 450 nm which were assigned to the ab-
sorption of *Py* and Py*, respectively, according to the previ-
ous studies.'>!® When the laser was not focused by a lens, the
absorption at 415 nm is much stronger than that at 450 nm. On
the other hand, when the laser was focused, the absorption at
450 nm is stronger than the absorption at 415 nm. This indi-
cates that relative concentration of Py* to *Py* becomes higher
with increasing laser power. This result is consistent with the
conclusion obtained above that Py™ is produced by a biphoton-
ic process while *Py* is by one-photon process. Transient ab-
sorption decay of Py" without TEMPO monitored at 450 nm
showed a very long lifetime of much more than 100 ps in SDS
solution. Since most of the Py dissolved exists in micelle inte-
rior due to its hydrophobic property, Py* produced in micelle
interior may be trapped by negative charges and thus, it is like-
ly that Py™ is lasting for more than 100 s in micelle. Due to
the relatively long lifetime of Py* in SDS micelle, Py sur-
vives at the time window of TR-ESR measurement (a few mi-
croseconds after excitation) to yield APS of TEMPO.

To confirm Py*—TEMPO SCRP mechanism for APS, we
changed the relative concentration of *Py* to Py* by adding
quenchers and observed how TR-ESR spectrum altered. It has
been reported that p-benzoquionone (BQ) is a good quencher
for *Py*: BQ and *Py* form a charge transfer complex, which
is followed by the reaction yielding Py" and BQ anion.'®

Py* + BQ— (Py""-BQ") — Py +BQ (1)

Figure 4a shows transient absorption spectra of Py in SDS so-
lution with and without BQ. The transient absorption spec-
trum in the presence of BQ is very different from that without
BQ: The strong band at 450 nm and a broad absorption around
430 nm of Py" appear but the sharp absorption band of *Py* at
415 nm seen in the spectrum without BQ disappears in the
presence of BQ. This result indicates that *Py* is quenched by
BQ and Py is produced through reaction (1).

Figure 4b shows TR-ESR spectra in the system of Py—TEM-
PO with and without BQ. As seen from the spectrum, intensity
of APS signal in the Py—-TEMPO system with BQ is almost the
same or slightly stronger than that in the Py—-TEMPO system
without BQ. One need not consider the contribution of photo-
excited BQ because of its low optical density in these measure-
ments. Though almost all of *Py* was quenched in the pres-
ence of BQ, as seen in Fig. 4a, the signal intensity of APS was
not affected. This is another piece of evidence for mechanism
(2) but not for mechanism (1). A similar quenching experi-
ment was carried out in the Py-TEMPO system with 1,4-cy-
clohexadiene as the *Py* quencher and no decrease of APS
signal intensity was recognized. These results definitely ex-
clude mechanism (1) for APS and we conclude that APS is due
to SCRP of Py* and TEMPO.

There are many reports on TR-ESR spectra of SCRP in mi-
celle and in highly viscous solvents.>® All of these SCRP is
due to the geminate pair produced in the photoreaction pro-
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Fig. 4. (a) Transient absorption spectra of Py (0.06m M) in
SDS solution system (without TEMPO) measured at 1.0 us
after laser pulse without BQ and in the presence of BQ
(0.25 mM). (b) TR-ESR spectra of TEMPO in the Py (0.8
mM)-TEMPO (2 mM) system in SDS solution with or
without BQ. The gate time was opened from 0.75 to 1.25

us.

cess. On the other hand, the present SCRP spectrum of Py*
and TEMPO in SDS micelle is due to free encounter reaction.
To the best of our knowledge, this is the first report on the
SCRP spectrum of a free encounter reaction process.

Quenching Decay Rate Constants of Py* and *Py* Ac-
cording to the results mentioned above, APS is due to SCRP of
Py" and TEMPO while net Em is generated by RTPM of *Py*
and TEMPO. According to the theory of SCRP’® and
RTPM,!? the reaction of Py" in SCRP and deactivation of *Py*
in RTPM are important for the generation of CIDEP. The fol-
lowing scheme is considered for the reaction of Py™:

Py" + e~ — Py

Py" + TEMPO — '(Py"---TEMPO) —

Py + TEMPO" or other products (reaction)
—3Py*---TEMPO) — Py + TEMPO (collision)

Encounter of Py* and TEMPO randomly forms both singlet
and triplet pairs. The former selectively undergoes the reaction
and the triplet SCRP of Py" and TEMPO survives in SDS mi-
celle. Since APS observed in Fig. 1 shows Em in low and en-
hanced Abs in high field sides of each hyperfine line, the ex-
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Fig. 5. Semi-logarithmic plots of transient absorption decays
of (a) Py™ and (b) *Py* in SDS solution with various TEM-
PO concentrations. Decays were monitored at (a) 450 nm
and (b) 415 nm, respectively. Absorption intensity in each
decay are normalized at maximum value of absorbance in
each decay.

change interaction of Py* and TEMPO should be negative ac-
cording to the SCRP theory.”® On the other hand, CIDEP due
to QP-RTPM of *Py* and TEMPO is generated in the follow-
ing deactivation process:

’(*Py*-.-TEMPO) — *('Py--- TEMPO) — 'Py + TEMPO

Since *Py* and Py* can be monitored by transient absorp-
tion measurements, an analysis of *Py* and Py" decays versus
TEMPO concentration was carried out to examine the reactivi-
ty of these species and eventually, to explain the time evolution
of CIDEP in the Py-TEMPO system in SDS micelle.

Figure 5a shows the semi-logarithmic plots of the decay sig-
nal of Py" in SDS solution with various concentrations of
TEMPO. All the plots are almost fitted to straight lines and the
slope decreases with increase in the concentration of TEMPO.
Since the decay component mainly reflects the time profile of
Py* concentration in SDS micelle interior, this result suggests
that Py™ reacts with TEMPO in the micelle interior. Figure 5b
show semi-logarithmic plots of *Py* decays monitored at 415
nm. The transient absorption decays of *Py* with and without
TEMPO show single exponential decay functions. Fast rise at
high concentration TEMPO seen in Fig. 5b is due to enhanced
intersystem crossing by radical.
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Most of Py and TEMPO do not dissolve in aqueous phase
but in micelle interior. Therefore, *Py* is generated and reacts
with TEMPO in SDS micelle interior. A micelle belongs to an
inhomogeneous system and the kinetics is more complicated
than that in conventional solvent. First of all, we estimate the
concentration of SDS micelle according to the equation:?>%

[M] = ([SDS] — cmc)/N 2)

where cmc is critical micelle concentration, N is average ag-
gregation number of SDS micelle, and [M] is the concentration
of SDS micelle. In the present experiments, [SDS] is 0.1 M in
all cases. N and cmc of SDS micelle have been reported as 62
and 8.2 mM, respectively.”> Substitution of these values in Eq.
2 yields [M] = 1.48 X 10~* M which is larger than the concen-
tration of Py (about 0.06 mM in transient absorption and about
0.8 mM in TR-ESR measurements). This means that the num-
ber of Py molecules dissolved in a unit micelle is less than one.
On the other hand, the concentration of TEMPO is from O to
2.5 mM in the quenching experiment and thus, averaged occu-
pation number of TEMPO in a micelle is less than 1 in some
decay results. It is expected that the kinetics of Py in micelle
with TEMPO differs from that without TEMPO and thus,
some of the time profiles might show non exponential decay.
However, most of the decays of Py* and *Py* with TEMPO
concentration of 0-2.5 mM are characterized by a single expo-
nential. Therefore, we assume that the intermicellar exchange
of TEMPO and Py is important in the present system and the
rapid fluctuation of TEMPO occupation number in a micelle
gives exponential behavior in decay kinetics.>* Under this as-
sumption we analyzed the decay profiles by the equation:

k = ko + kg TEMPO] 3)

An analysis of the transient absorption decay rates of *Py* and
Py* versus the concentration of TEMPO is shown in Fig. 6.

1.0+
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Fig. 6. Analysis of transient absorption decays of *Py* (cir-
cle) and Py* (rectangular) versus the concentration of
TEMPO.
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From the analysis of the slopes, the quenching rate constant of
3Py* by TEMPO, kq(3Py*), and the reaction rate constant of
Py* and TEMPO, k,(Py™) were determined as (1.5 = 0.12) X
10® and (5.9 + 0.21) X 10* M~! 57, respectively. It is note-
worthy that k4(Py™) is about four times as large as kq(3Py*).

The most probable reaction of Py* with TEMPO is electron
transfer. The redox potentials, E(Py*/Py) and E(TEMPO/
TEMPO) have been reported as 1.17%° and 0.68 V? in acetoni-
trille, respectively. We assume that the redox potentials in SDS
micelle interior are almost the same as these in acetonitrile.
According to these redox potentials, electron transfer between
PyJr and TEMPO is 0.49 V exothermic and thus, the reaction
may be controlled by the diffusion process. On the other hand,
3Py* quenching rate constant in acetonitrile is about a thou-
sand times as small as the diffusion-controlled rate constant in
acetonitrile.?® This is because the energy of *Py* (16850
cm™ 1Y) 2 is lower than D, energy of TEMPO (> 18000 cm ™ !)?
and energy transfer is inaccessible. This suggests that the
kq(3Py*) in SDS micelle interior may be smaller than the diffu-
sion-controlled rate constant. Therefore, it is reasonable that
ky(Py*) is slower than ky(Py™).

The reaction rates under the condition of TR-ESR measure-
ment (TEMPO concentration = 2 mM) are estimated to be 3.0
X 10° s7! for kq(SPy*) and 1.2 X 10° s7! for kq(Py+), respec-
tively. Judging from these values, most of Py™ may react with
TEMPO through singlet channel to create CIDEP within the
first a few s after laser excitation. Therefore, the CIDEP with
APS in the system of Py—-TEMPO can be concluded to appear
in our TR-ESR spectra through SCRP mechanism of Py" and
TEMPO.

Simulation of TR-ESR Spectrum for Py"-TEMPO
SCRP. Figure 7 shows the TR-ESR spectra of Py-TEMPO
system in SDS solution with various gate times. The CIDEP
pattern of the spectrum with the gate time at 1.0 us has already
been interpreted in terms of SCRP of Py*~TEMPO as dis-
cussed above. The TR-ESR spectra with the gates at 3.5 and
4.0 us are dominated by net Em type CIDEP, which may be in-
terpreted in terms of RTPM of *Py*~TEMPO. In the time re-
gion of 0.75-3.0 us, TR-ESR spectra consist of APS signal due
to SCRP and net Em polarization due to RTPM. In a qualita-
tive way, we understood this time evolution of SCRP and
RTPM signals on the basis of kq(Py+) and kq(3Py*) values to-
gether with spin-lattice relaxation time. Since the concentra-
tion of SDS micelle (1.48 mM) is smaller than that of TEMPO
(2 mM), the averaged occupation number of TEMPO in a mi-
celle is ca. 1.35 and thus, both SCRP and RTPM signal rise
times may depend on encounter rates of TEMPO with Py™ and
3Py*, respectively, within the micelle. Encounter rates corre-
spond to the diffusion rate in the micelle and are almost identi-
cal. On the other hand, decay rates of SCRP and RTPM are
controlled by k,(Py™) and kq(3Py*), respectively, together with
the corresponding spin-lattice relaxation times. Spin-lattice
relaxation time of TEMPO in paraffin oil at room temperature
is reported as 0.51 ps*’ which is much shorter than deactiva-
tion time of *Py* (3.3 us) and thus, decay rate of RTPM may
be close to the deactivation rate. This decay rate of RTPM is
obviously slower than the reaction time of Py* (0.83 us),
which is the upper limit value of SCRP signal decay time.
Therefore, the decay time of RTPM signal is probably longer
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Fig. 7. Time evolution of TR-ESR spectra of TEMPO mea-
sured at 308 nm laser excitation of Py (0.8 mM)-TEMPO
(2 mM) system in SDS (0.1 M) solution.

than that of SCRP signal. The time evolution of TR-ESR spec-
trum should reflect the sum of mutually independent time evo-
lution of CIDEP’s in Py*- and *Py*~TEMPO systems and
thus, the SCRP signal appears only in the spectra at early gate
times, while the relative intensity ratio of net Em due to QP-
RTPM becomes dominant in the spectra with late gate times.
In order to confirm these assignments of CIDEP and its time
profile, we performed a simple simulation of CIDEP pattern.
In the simulation, the intensity ratio of CIDEP mechanisms,
SCRP and RTPM, was assumed to depend on the gate time.
For the simulation of SCRP, the theory proposed by
Mclauchlan and his co-workers was adopted.” At the begin-
ning, spin-lattice relaxation was not considered. When two
radicals are fixed at a separation r where the exchange interac-
tion is J(r), the spin Hamiltonian, H(r) of the radical pair is
written by:

H(r) = ﬂ(gaSa + ngb)HO + zAanIanSa

5 Ao TonSo — J(F) (28,5, + %}

where, B, g4, &b> Sa» Sb» Ho, Aans Apms Lan and I, have their usual
meanings.” Then the eigenstates, |i), and eigenvalues, @; of the
Hamiltonian are

1) = [Ts)

[2) = cos ¥ |S) + sin v |Tp)

w = —J+ o,
w, = £,
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[3) = vsin ¥ |S) + cos W|To) = —Q,

|4> = |T*1> 0y =—J— o
where

0= (0s + 0p)/2, 0 = (s — wp)/2,

Q=7+ 0 tan 2y = Q/J

In the present system, a free encounter pair of Py* and TEM-
PO is considered and thus we assume the triplet radical pair.
The population P(|i}) of state i under this condition is 1/3 for i
=1, 4, and are 1/3sin? yand 1/3 cos’ wfor i = 2 and 3, respec-
tively. The intensity of ESR transition, /; is thus obtained as
shown below:

QZ
120Q%°
In the presence of spin relaxation such as J fluctuation, popula-
tion ratio of |2) and |3) changes and hence the intensities of
four possible ESR transitions are no longer equivalent.® We
express the extent of this spin relaxation AP(|2)) by x(%),
which follows the equation

[P2) = P'(2))] , x(%)
2 100

where P(]2)) and P’(|2)) mean populations of state |2) before
and after the spin relaxation from |2) to |3), respectively.

By using this theory for SCRP, we performed the simulation
of TR-ESR spectra. The following values were used in the
simulation: g(TEMPO): 2.00583, An: 16.86 G ( both from ex-
periments), Ay of hydrogen atoms in Py*: 5.4 G for 4H, 1.2 G
for 2H, and 2.1 G for 4H,”® J(r): 0.3 G (estimated from the
splitting of the peaks), linewidth: 1.8 G for each APS. There is
no report on g value of (Py™) as far as we know, so we adopted
the value 2.002569, which is the g value of perylene cation.

Figure 8a is the simulated ESR spectra of TEMPO consider-
ing only the net emission due to RTPM. Figures 8b, 8c and 8d
show the simulated spectra for the SCRP. The x(%) values
used in these spectra are 0, 50, and 100%. As seen in these
spectra, the intensity pattern of APS depends strongly on the
spin relaxation. Since the present TR-ESR spectrum is the
blend of CIDEP’s due to SCRP and RTPM, TR-ESR spectra at
various gate times were reproduced by the sum of the simulat-
ed spectra of RTPM (Fig. 8a) and SCRP (Figs. 8b, 8c, or 8d).
Figure 9 shows TR-ESR spectra of Py-TEMPO in SDS solu-
tion together with the simulated spectra. The extent of spin re-
laxation of SCRP and the intensity ratio of RTPM and SCRP
were determined for each spectrum from the best fitted simula-
tion. Since we did not consider the CIDEP of e,,~ in the mod-
el for simulation, the sharp Abs peak is not superimposed on
the simulation spectra. Py* has many hyperfine lines and the
peaks of Py* with APS become very broad. This may be why
Py* signal is hardly recognized in the TR-ESR spectra. The
fitting of the spectra seems suitable at the gate times of 0.75,
1.0 and 1.75 s, but rather bad at 2.5 and especially, at 4.0 ps.
As clearly seen in the observed spectrum at 4.0 ps, emission
intensity at M} = +1 peak is much weaker than that at M} = —
1 peak. Addition of A/E (enhanced Abs in low field side and
Em in high field side) type CIDEP of TEMPO to the simulated
spectrum at 4.0 us may improve the fitting. One of the candi-
dates of A/E-type CIDEP mechanism is the radical pair
mechanism’ in the reaction of e,, and TEMPO with positive J

—lp=—lz=hy=1L= %sin2 2y =

AP(2))=
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Fig. 8. The simulated spectra of TEMPO for (a) RTPM, (b) SCRP mechanism without spin relaxation between the states |2) and
|3), (c) 50% spin relaxation, and (d) 100% spin relaxation. The parameters used in the simulation were, g(TEMPO) = 2.00583,
g(Py™) = 2.002569, J =—0.3 G, and line width = 1.2 G (RTPM) or 1.8 G (APS).
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Fig. 9. TR-ESR spectra of TEMPO in Py-TEMPO system
measured at (a) 0.75, (b) 1.0, (c) 1.75, (d) 2.5, and (e) 4.0
us after laser excitation with 0.5 us gate width together
with the simulated spectra. The CIDEP mechanisms in
each simulated spectrum were (a) SCRP without spin re-
laxation, (b) SCRP with 30% spin relaxation, (c) SCRP
with 50% spin relaxation and RTPM, and (d) and (¢) SCRP
with 100% spin relaxation and RTPM. Intensity ratio of
SCRP to RTPM were (c) 10:3, (d) 5:4 and (e) 3:10. The
spectra of SCRP or RTPM are normalized at the most in-
tense line of each SCRP and RTPM spectrum.

value. Since the A/E CIDEP seems to rise with e,,~ signal de-
caying around 1.75 us, the reaction of e,q~ with TEMPO could
be responsible for A/E CIDEP after 2.0 s.

The simulation of TR-ESR spectra at various gate times
leads us to conclude that there are at least two CIDEP mecha-
nisms, SCRP of Py"~TEMPO and RTPM of *Py*~TEMPO in
Py—-TEMPO dissolved in SDS solution, and that the time evo-
lution of CIDEP from APS-type to net Em-type is interpreted
as the mutually independent time evolutions of CIDEP in
TEMPO with SCRP and RTPM.

RTPM creates CIDEP in SDS micelle, which indicates that
there are triplet-TEMPO pairs in SDS micelle. However, we
concluded that there is no signal of SCRTP between TEMPO
and triplet molecule in the present TR-ESR spectra. This may
be understood if we assume these triplet-TEMPO pairs do not
create strong CIDEP. The spin-lattice relaxation time of triplet
molecule is usually several ten nanoseconds or less in the fluid
solution at the room temperature. If a very fast spin-lattice re-
laxation averages out the population difference in the radical-
triplet sublevels, transition intensities between the sublevels
decrease to be zero and no polarized spectra should be ob-
served in any triplet-TEMPO systems. To observe TR-ESR
spectra of radical-triplet encounter pairs at room temperature,
it may be important to increase spin-lattice relaxation some-
how.
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